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Abstract
The oxidation characteristics and devolatilisation
kinetics studies of palm kernel shell (Elaeis guineen-
sis), African bush mango wood and shell (Irvingia
wombolu), and African border tree wood
(Newbouldia laevis), were carried out by the ther-
mogravimetric method. A thermogravimetric anal-
yser TA Q500 instrument was used at a heating rate
of 30 °C.min-1 under oxidative conditions. It was
observed that all the samples followed a two-stage
structural decomposition between 200 °C and 500
°C. The greatest mass loss rate occurred within the
oxidation stage (200–375 °C) in all the samples.
The ignition temperature of the samples ranged
from 275–293 °C while their burnout temperatures
ranged from 475–500 °C. During the oxidation
stage, African bush mango shell was the most reac-
tive sample, while palm kernel shell was the least.
During the char combustion stage (375–500 °C),
the reactivity of palm kernel shell was the highest.
The average activation energy of the samples for the
entire decomposition period are 140, 270, 131 and
231 kJ.mol-1 respectively. The biomass samples
considered are thus suitable for combustion purpos-
es for bioenergy production with minimal external
energy input.
Keywords: thermogravimetric analysis; combustion
index; activation energy; biomass; bioenergy reac-
tion order
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1. Introduction 
The prevailing issues of fossil fuels as primary ener-
gy sources have continued to provoke interest in
exploiting suitable biomass resources for combus-
tion processes in the energy industry. Climate
change persistence, environmental pollution and
degradation, uneven widespread of fossil deposit,
and price fluctuations are among the problems
which integrating biomass into the primary energy
production has aimed to abate. With biofuel recog-
nised as an alternative fuel source that is net carbon
dioxide-neutral, policies to integrate it into national
energy mixes have been promoted by some gov-
ernments. For instance, Nigeria’s biofuel policy stip-
ulated a blend of up to 10% ethanol with gasoline,
even though the biofuel would be imported for the
initial three years until capacity and capability
(infrastructure) are built for local production
(Anyaoku, 2007). The policy envisages the country
achieve a 100% biofuel production by 2020.
Brazil’s biofuel programme has a long history
(Soccol et al., 2005), with the fuel contributing to
local fuel consumption and export. Germany is the
largest producer of biodiesel, with Argentina, Brazil,
France, Italy, Malaysia and the USA as other lead-
ing producers and consumers of biodiesel (Ubrabio
& Getulio, 2010). South Africa’s national biofuel
strategic policy targeted a 2% biofuel integration
into the liquid fuel mix by 2015 (DME, 2007). 
As the policies are implemented globally at dif-
ferent scales, biomass demand for energy produc-
tion is going to increase in the near future. In order
to forestall the challenge of inadequate supply of
suitable plant varieties, a good number of possible
biomass species need to be screened for their
potential for bioenergy production. As a contribu-
tion to this, some biomass species in Nigeria such as
palm kernel shell (Elaeis guineensis), African bush
mango wood and shell (Irvingia gabonensis/wom-
bolu), and African border tree wood (Newbouldia
laevis), were selected for determination of their
combustion properties. Palm kernel shell (PKS) is a
common residue from oil palm produce which is
rich in carbon and is commercially produced in
Nigeria and neighbouring West African countries.
About 5–7% of a typical fresh palm fruit bunch is
composed of PKS, suggesting its relative abun-
dance (Okoroigwe & Saffron, 2012). Similarly,
African bush mango (locally called Ogbono) wood
and its shell are common residues in the growing
and processing of the seed kernel and pulp (for the
sweet species), which are commonly consumed as
food in West and Central Africa. They are among
some highly valuable and extensively utilised tropi-
cal African trees (Ainge & Brown, 2001). After
extraction of the seed, the shell is generally dumped
at waste collection sites. The tree is classified as a
non-timber tree even though it attains a height of up
to 30 m and a girth of about 1.0 m when fully
developed (Extension bulletin, 1999). According to
Ayuk et al. (1999), about 169 kg per grower of
Irvingia spp seed is recorded in three divisions in
Cameroon. Usually, the shell of Irvirngia spp is
about five times the mass of the kernel (seed),
which would amount to about 845 kg of shell pro-
duced per grower in the divisions. The African bor-
der tree (called Ogirisi in South-Eastern Nigeria) is
non-edible, but medicinal values of its leaves and
bark have been reported (Okpala, 2015; Bafor
& Sanni, 2009; Ejele et al., 2012), and it is com-
monly used as a land boundary marker. It is a fast-
growing, soft-wood and drought-resistant tree. 
Thermogravimetric (TG) analysis is the most
commonly applied thermoanalytical technique in
solid-phase thermal degradation studies (Ninan,
1989) for the purposes of understanding and estab-
lishing their thermal degradation kinetics. Usually,
the mass of the material heated at a specific heating
rate is monitored with respect to time and tempera-
ture. Some researchers have used the technique to
study the thermal decomposition of biomass under
oxidative and inert conditions. For instance, Wilson
et al. (2011) studied the thermal degradation char-
acteristics of bagasse, palm stem, cashew nut shells,
coffee husks, and sisal bole under oxidative condi-
tions, and found that cashew nut shells were the
most reactive of the samples, based on their mass
loss rate and lower burnout temperature. Similarly,
Munir et al. (2009) used the TG method to establish
the combustion kinetics of cotton stalk, sugar cane
bagasse and shea meal, while El may et al. (2012)
characterised date palm residue using TG analysis
under oxidative conditions. 
Understanding the decomposition kinetics and
combustion behaviour of the selected biomass
would aid in the design of chemical processes lead-
ing to biofuel production from them. This is in
agreement with similar understanding derived from
studies of the kinetics of thermal decomposition of
other fuels such as coal char (Roberts et al., 2015;
Niu et al., 2016), plastics (Apaydin-Varol et al.,
2014), municipal solid waste (Conesa & Rey, 2015)
and biodiesel (Lin et al., 2013). Hence, the objec-
tive of this investigation is to determine the combus-
tion and decomposition characteristics of the four
tropical biomass species using the TG method. The
plants are classified as agricultural residues, non-
tree timber and wild plant (non-food plant). The
residues constitute environmental nuisance if they
are not burnt to dispose of them. In large-scale
plantations, their offcuts (residues), pose problems
for agricultural machines; there is therefore a need
to find an alternative use for the residues.
2. Material and method 
2.1 Feedstock 
In this investigation, four biomass samples, viz:
palm kernel shell (Elaeis guineensis), African bush
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mango wood and its shell (Irvingia
gabonensis/wombolu), and the African border tree
wood (Newbouldia laevis), were randomly selected
for the study. The woody samples are counted as
non-timber trees even though they can grow large
trunks. The feedstock samples obtained within
Nsukka town in South East, Nigeria, were air dried
and milled to particles of about 1 mm using a Wiley
milling machine. TGA was used to determine the
devolatilisation data for plotting the TG and the
derivative thermogravimetric (DTG) curves. The
sample masses used were 24.989 mg, 14.284 mg,
18.840 mg, and 14.907 mg for PKS, African bush
mango (ABM) wood, African bush mango (ABM)
shell and African border tree (ABT) wood respec-
tively while thermogravimetric analyser, model
TGA Q500 was used in the temperature range of
30–750 °C under synthetic air at a temperature gra-
dient of 30 °C.min-1.
2.2 Kinetic study
Kinetic parameters of biomass materials such as
activation energy, reaction order and pre-exponen-
tial (frequency) factor can be determined by many
models. Several investigations have used the
Arrhenius equation for the determination of the
parameters in both oxidative and inert conditions
because of its flexibility and simplicity, compared
with other models (Munir et al., 2009; El may et al.,
2012; Sait et al., 2012; Parthasarathy et al., 2013;
Jeguirim et al., 2014). The Arrhenius model is used
in this investigation in determining activation ener-
gy, reaction order and frequency factors that gov-
erned the decomposition of the feedstock in oxida-
tive conditions. All models used for biomass kinetic
studies are based on rate laws that obey Arrhenius
rate expression in Equation 1:
       K(T) = Ae–E/RT                                            (1)
where k(T) is temperature dependent reaction rate
constant, A is pre-exponential or frequency factor, E
is activation energy (J.mol-1), R is the universal gas
constant – 8.314 J.mol.-1K-1, and T is absolute tem-
perature, K. 
The activation energy is regarded as ‘the energy
threshold that must be overcome before molecules
can get close enough to react and form products’
(White et al., 2011).
The kinetics of biomass decomposition can be
expressed by the relation in Equation 2.
= k(T)ƒ(a) = Ae–E/RT f(a)                 (2)
where t is time, a is degree of conversion, da/dt is
rate of isothermal process, and f(a) is the conver-
sion function that represents the model used which
depends on the controlling mechanism, according
to Equation 3.
       ƒ(a) = (1 – a)n                                          (3)
By definition, a can be expressed as the mass
fraction of biomass substrate that has decomposed
in a time t during the decomposition process or
mass fraction of volatiles evolved as shown in
Equation 4 (White et al., 2011).
        a =                                                              (4) 
where mo, is the mass of the biomass substrate at
the beginning of reaction or initial time, m is the
mass of the biomass substrate at any time t, and mf,
is the mass of the biomass at the end of the reaction
time. The unreacted mass or residue is accounted
for in mf.
For non-isothermal decomposition, the rate
expression which represents reaction rates as func-
tion of temperature at a linear heating rate is given
in Equation 5. 
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2.3 Combustion parameters 
2.3.1 Reactivity 
The reactivity of the biomass samples under oxida-
tive condition was determined according to the
method defined by Munir et al. (2009), El may et al.
(2012), Park & Jang (2012) and Ghetti et al.
(1996). The DTG curve height is a measure of the
reactivity of the samples during decomposition
stage, hence reactivity RM is directly proportional to
the maximum weight loss rate RDTGmax and inverse-
ly proportional to its corresponding peak tempera-
ture TPeak. This is given in Equation 10.
The summation takes account of any secondary
peak or shoulder present in each of the regions con-
sidered.
2.3.2 Ignition and burn-out temperature
The ignition temperature Ti is the temperature at
which major decomposition of the biomass samples
began to take place. It is determined by the method
described by Xiang-guo et al. (2006) according to
Figure 1 using the TG and DTG plots of each sam-
ple. From the maximum DTG point A, in the oxida-
tion stage, a line is drawn to touch the TG curve at
point B. From this point a line BC is drawn as tan-
gent to point B to meet an extended TG level line at
C. From point C a vertical line is drawn to touch the
temperature scale at point D. The value indicated
by D is the approximate ignition temperature Ti.
Figure 1: Ignition temperature determination
sketch (Nie et al., 2001; Li et al., 2006).
The burnout temperature is defined as the temper-
ature at which there is no noticeable weight loss in
the TG and DTG curve.
2.3.3 Ignition index and combustion index 
The ignition index Di and combustion index S were
calculated by Equations 11 and 12 according to
methods used in previous research involving other
biomass samples (El may et al., 2009; Vamvuka,
2011; Xiang-guo et al., 2006; Sahu et al., 2010).
where Rmax = maximum combustion rate (%°C-1s-1)
being the peak point on the DTG curve in the com-
bustion zone, tm and ti = times (s) corresponding to
maximum combustion rate and ignition tempera-
ture respectively, Ra is the average mass loss rate
under oxidative conditions (%s-1), Ti and Tb are
ignition and burn-out temperatures (°C) respectively.
3. Results and discussion
3.1 TG and DTG analysis
The TG and the DTG of the samples are presented
individually in Figure 2(a)-(d), which must be read
together with Figures 3 and 4 to compare the TGs
and DTGs of the respective samples. These results
show that major thermal decomposition of all the
samples followed a similar two stage structural
decomposition. The first stage was from: 180 to 355
°C, for PKS (Figure 2a), 200 to 375 °C for ABM
wood (Figure 2b), 200 to 350 °C for ABM shell
(Figure 2c) and ABT wood (Figure 2d), which is the
region of volatile decomposition (oxidative stage).
This is the region of cellulose and hemicellulose
decomposition. All the samples except PKS experi-
enced greatest mass loss within this stage though at
different temperatures due to differences in their
structural composition, as can be seen in Table 1.
The second stage from 355–500 °C (PKS), 350 –
475 °C (ABM shell), 375–500 °C (ABM wood) and
350–460 °C (ABT wood) region of char combus-
tion.
Figures 2 and 3 show that the decomposition of
the biomass samples followed a three step method
with the initial mass loss between room temperature
and about 110 °C being moisture loss (drying). The
amount of moisture lost by each sample is present-
ed in Table 2. There was mass loss observed for
PKS and ABM wood between 100 °C and 200 °C
before major structural decomposition of the sam-
ples. This can be attributed to light volatile release
that was not present in other samples.
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The second and last steps are the decomposition
stages, during which the samples reached a com-
plete combustion in the presence of oxygen,
decomposing into volatile and ash release respec-
tively. The mass fractions of these products are in
Table 2 and Table 3. The TG and DTG profiles
show distinctive regions of cellulose and hemicellu-
lose decomposition in the PKS whereas there was
no strong indication of this distinctive decomposi-
tion of the carbohydrates in the rest of the samples.
The hemicellulose decomposition in ABM wood
and shell is indicated by the shoulder peak by the
left-hand end of their DTG curves while the shoul-
der peak at the right-hand end of ABT wood DTG
shows its cellulose decomposition. The major mass
loss in PKS at the combustion zone is confirmed by
its large lignin content (Okoroigwe & Saffron,
2012). This is because lignin decomposition takes
place over a large range of temperature usually
from 180 – 900 °C (Luangkiattikhun, 2008).
3.2 Combustion parameters
3.2.1 Reactivity 
The reactivity of the samples in the oxidative and
char combustion stages is shown in Tables 2 and 3
respectively. The reactivity index RM is a measure of
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Figure 2a: TG and DTG of Palm kernel shell. Figure 2b: TG and DTG of African bush mango wood.
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Figure 2c: TG and DTG of African bush mango shell. Figure 2d: TG and DTG plot of African border tree wood.
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Table 1: Structural carbohydrate and lignin content of samples (Okoroigwe, 2014).
Lignin (%) Cellulose (%)
Hemicellulose 
(%)
Inorganic
materials (%)
Palm kernel shell 53.85 6.92 26.16 13.07
African bush mango wood 35.96 40.19 11.47 12.38
African bush mango shell 36.18 36.12 8.77 18.93
African border tree wood 34.96 36.91 18.32 9.81
the rate of decomposition of the structural compo-
nents measured by the peak DTG profiles. The
results show that within the volatile decomposition
(oxidative) stage, PKS was the least reactive, while
ABM shell was the most reactive sample in the mix.
This is because the hemicellulose and cellulose
components of PKS are small compared to its lignin
content (Table 1). On the other hand during the
char combustion stage, PKS became the most reac-
tive. These are again expressed by the height of
their DTG curves within the regions explained.
3.2.2 Ignition index and combustion index 
The ignition and combustion indices of the samples
are shown in Table 4, where ABT wood showed the
least ignition temperature, Ti, of 275 °C, while PKS
showed the highest ignition temperature, Ti, of 293
°C and least ignition index of 1.068 x107% °C -1s-2.
All these could be attributed to the low reactivity of
the sample due to its high lignin content. It is not
quick to ignite PKS but it releases enormous heat
during combustion owing to its high heating value
(Okoroigwe & Saffron, 2012). The ABM wood and
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Figure 3: TG of all the samples.
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Figure 4: DTG of the samples.
Table 2: Combustion parameters during oxidative degradation.
Biomass Moistureloss (%)
Tpeak
(°C)
Volatiles
(%)
Temperat-
ure range
(°C)
Max. weight
loss rate
(%°C -1)
Reactivity
RM x103
(%°C -1s-1) 
Av. weight
loss rate Ra
(%°C -1)
Palm kernel
shell 6.0 305 89.0 180 - 355 0.55 0.48 0.2675
African bush
mango wood 5.5 325 89.0 200 -375 1.10 0.91 0.3462
African bush
mango shell 5.5 315 88.5 200 -350 1.25 1.10 0.3862
African border
tree wood 6.0 291 89.0 200 -350 1.01 0.59 0.4098
Table 3: Combustion parameters during char combustion.
Biomass
Tempera-
ture range 
(°C)
Tpeak
(°C)
Rmax
(%°C -1)
Average
weight loss
rate Ra
Reactivity
RM x103
(%oC-1s-1) 
Ash 
(%)
Palm kernel shell 355–500 455 0.80 0.2822 2.45 5.0
African bush mango wood 375–500 445 0.48 0.2267 0.17 5.5
African bush mango shell 350–475 430 0.71 0.2055 0.29 6.0
African border tree wood 350–460 423 0.49 0.2580 0.20 5.0
its shell have close ignition temperature but have
varying ignition index and combustion index. The
larger combustion index of the shell might not be
unconnected with the larger lignin content than its
wood.
3.2.3 Burn-out temperature
Burnout temperature has been applied by
researchers to characterise combustion properties of
some fuels (Lu & Chen, 2015; Son & Sohn, 2015;
Moon et al., 2015). It is defined as a temperature
where the rate of weight loss consistently decreases
to less than 1%.min-1 (Wilson et al., 2011). At this
temperature, the sample decomposition can be
assumed to be nearly complete and there is no fur-
ther noticeable mass loss in the form of volatiles.
The burnout temperatures, Tb, of the biomass sam-
ples used are presented in Table 4. Usually, low
burnout temperatures indicate how readily the sam-
ple combusts; the lower the burnout temperature,
the more readily the fuel is burned (Rostam-Abadi
et al., 1988). Among the four samples, ABM shell
and ABT wood exhibited the lowest burnout tem-
perature (475 °C) which implies that they can com-
bust more readily than others (Zang et al., 1992;
Alvarez & González, 1999) as a result of the sam-
ples composition of softer tissues and lower lignin
material, as shown in Table 1. Despite the higher
content of lignin in ABM shell than the ABM wood,
as shown in Table 1, its burning was aided by the oil
content of the kernel (housed in the shell). The
burnout temperatures were, however, higher than
377, 365, 364, 378 and 382 °C obtained by Wilson
et al. (2011), for mill bagasse, palm stem, cashew
nut shells, coffee husks and sisal bole biomass
species found in the tropics. In spite of these being
all tropical plants, two different biomass samples are
most likely to differ in their thermal characteristic
behaviour due to agronomical differences. The
burnout temperature results reported in this investi-
gation can be attributed to the morphological and
agronomical differences of the samples used. It can,
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Table 4: Combustion characteristics of the samples.
Sample Ti(°C)
ti
(s)
Ra
(%°C-1)
Rmax
(%°C-1)
tmax
(s)
Tb 
(°C)
D x 107
(%°C -1s-2) S x10
9
Palm kernel shell 293 2300 0.2822 0.8019 3264 500 1.068 5.272
African bush mango wood 290 1648 0.2267 0.4632 2627 495 1.070 2.522
African bush mango shell 285 1672 0.2055 0.7129 2496 475 1.708 3.797
African border tree wood 275 1606 0.2580 0.4986 2489 475 1.247 3.581
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Figure 5a: Plots of           against T-1 for all samples during oxidative stage.g(a)T2
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therefore, be inferred that the mill bagasse, palm
stem, cashew nut shells, coffee husks and Sisal bole
are more readily combustible than the current sam-
ples being studied.
3.3 Kinetic parameters 
The plot of logarithmic rate of reaction           against
reciprocal of temperature, T-1, (Equation 9) for all
the samples during oxidative and char combustion
stages is shown in Figure 5 and the summary of the
parameters estimated using the intercept and slope
of each sample’s plot for the two stages are present-
ed in Tables 5 and 6. 
The activation energy of any sample undergoing
chemical reaction is usually the threshold energy
the particles would overcome before the reaction
can proceed (White et al., 2011). Applied here, acti-
vation energy is the minimum energy required to
start the decomposition reaction.
As observed from Tables 5 and 6, the activation
energy of each sample varied as reaction moved
from volatile decomposition stage to char combus-
tion stage. Volatile decomposition is a low-tempera-
ture reaction relative to a high-temperature com-
bustion reaction, hence the lower energy require-
ment at the oxidation stage. Comparison of the acti-
vation energy of the samples shows that ABM wood
had the lowest activation energy, of 99.03 kJ.mol-1,
while ABT wood had the highest activation energy,
of 124.35 kJ.mol-1. During the combustion stage
PKS had the lowest value, of 155.62 kJ.mol-1, while
ABM shell experienced the highest value, of 403.78
kJ.mol-1. The two-stage structural decomposition
process showed that the activation energy values
were proportional to the process reaction order and
the same for frequency factors. There is limited lit-
erature on the activation energy of the current sam-
ples, except for PKS, whose activation energy is
within the range reported by Idris et al. (2012)
despite using different experimental methods by
them. The activation energy of the four samples
were compared with those of other biomass sam-
ples reported (Wilson et al., 2011; Shen et al.,
2009), as presented in Table 7. 
Table 7 shows that the average activation energy
values of current samples differ from those reported
by other researchers for different biomass samples
at different heating rates. Heating rate, particle size,
model employed in the analyses, and the experi-
mental medium are among the factors that can
affect the combustion parameter estimation.
Insufficient and/or lack of research in the reactivity
behaviour of samples similar to the current ones
and perhaps their heterogeneous nature, might be
responsible for the differences in comparison with
others. The values obtained in this investigation
can, therefore, be accepted in the context of the
associated experiment and can be used to predict
the combustion behaviour of the feedstock.
Generally, however, the values obtained here are
lower than those reported by Wilson et al. (2011)
for palm stem, cashew nut shells, coffee husks and
sisal bole, even though they differ in morphology
and plant family. They are also higher than those of
oak, aspen, birch and pine reported by Shen et al.
(2009). The implication is that less energy is
required to convert the samples in this work to
bioenergy than the samples reported by Wilson et
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Table 5: Summary of the estimated kinetic reaction parameters representing the volatile
decomposition stage.
Sample Reaction order, n Reaction kinetic parameters 
Factor of correlation, R2
Determined
reaction
order 
Activation
energy, E 
Frequency
factor, A
0 1 2 3 n (kJ.mol-1) (min-1)
Palm kernel
shell 0.8291521 0.9331554 0.9780643 0.9516838 2 124.35042 11926.583
African bush
mango wood 0.9406571 0.9852757 0.9659244 0.9002804 1 99.035323 7124.4312
African bush
mango shell 0.9118338 0.9732715 0.9847963 0.9453636 2 135.50204 13644.02
African border
tree wood 0.895209 0.9628088 0.989191 0.961295 2 144.3738 15141.96
Table 6: Summary of the estimated kinetic reaction parameters representing the char 
combustion stage. 
Sample Reaction order, n Reaction kinetic parameters 
Factor of correlation, R2
Determined
reaction
order 
Activation
energy, E 
Frequency
factor, A
0 1 2 3 n (kJ.mol-1) (min-1)
Palm kernel
shell 0.8722524 0.9553034 0.9359161 0.868101 1 155.62467 14301.637
African bush
mango wood 0.8145269 0.9657425 0.9140365 0.836295 1 163.90929 15925.278
African bush
mango shell 0.7673127 0.9587005 0.9658252 0.926689 2 403.78535 59633.139
African border
tree wood 0.6956617 0.9252994 0.9846007 0.955613 2 318.29011 43503.998
Table 7: Comparison of average activation energy of the samples with those of 
other biomass samples.
Sample Activation
energy
(kJ.mol-1) 
Heating rate
(k.min-1) 
Particle size
used
(mm)
Reference
Palm kernel shell 139.988 30 1 Current
African bush mango wood 131.472 -30 1 Current
African bush mango shell 269.643 30 1 Current
African border tree wood 231.332 30 1 Current
Mill bagasse 460.60 10 Not given Wilson et al., 2011
Palm stem 542.07 10 Not given Wilson et al., 2011
Cashew nut shells 293.48 10 Not given Wilson et al., 2011
Oak 104–125 10–100 <0.5 Shen et al., 2009
Aspen 104–125 10–100 <0.5 Shen et al., 2009
Pine 104–125 10–100 <0.5 Shen et al., 2009
Birch 104–125 10–100 <0.5 Shen et al., 2009
al., but may require more energy than those report-
ed by Shen et al. In addition to using different sam-
ples from the ones reported by Wilson et al. and
Shen et al., geographical location, climatic condi-
tions and biomass origin can contribute to the vari-
ation in the parameters obtained. 
4. Conclusions
The combustion characteristics and decomposition
kinetics of the biomass samples under oxidative
conditions were studied. The thermal decomposi-
tion process showed distinctly the regions of mois-
ture loss, structural decomposition and char com-
bustion stages. 
At the heating rate of 30 °C.min-1 the volatile
release stage was the most critical of the degrada-
tion process in all the samples because the greater
mass loss was observed in this region, with the
exception only of PKS. The greater combustion pro-
cess of the samples, except for PKS, would, there-
fore, most likely take place at this temperature
region, with lower degree of combustion taking
place at the higher temperatures. 
The samples were characterised by low activa-
tion energies and decomposed at low energy input
compared with some biomass samples reported in
literature under combustion conditions but different
heating rate and particle size. The samples also dis-
played high reaction rates during the structural
decomposition stages with high volatile release. 
Under an oxygenated medium, the combustion
processes of the samples was complete, leading to
low-carbon emission, which is a good attribute of
biomass combustion for bioenergy production. 
Owing to lack of reports on oxidative and com-
bustion characteristics of the biomass samples stud-
ied in this research, further investigation involving
varying particle size, heating rates, pre-treatments,
cultivation, location and biomass age (maturity) are
proposed. This will not only provide additional
information on the combustion properties of the
samples but also validate the results presented in
this research.
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